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Reactive oxygen species (ROS)Reactive oxygen species (ROS) produced byNADPHoxidases play critical roles in signalling anddevelopment. Given
the high toxicity of ROS, their production is tightly regulated. In Arabidopsis, respiratory burst oxidase homologue F
(AtrbohF) encodesNADPHoxidase. Herewe characterised the activation of AtRbohFusing aheterologous expression
system. AtRbohF exhibited ROS-producing activity that was synergistically activated by protein phosphorylation
andCa2+. The twoEF-handmotifs of AtRbohF in theN-terminal cytosolic regionwere crucial for its Ca2+-dependent
activation. AtrbohD and AtrbohF are involved in stress responses. Although the activation mechanisms for AtRbohD
and AtRbohF were similar, AtRbohD had signiﬁcantly greater ROS-producing activity than AtRbohF, which may re-
ﬂect their functional diversity, at least in part. We further characterised the interrelationship between Ca2+ and
phosphorylation regarding activation and found that protein phosphorylation-induced activation was independent
of Ca2+. In contrast, K-252a, a protein kinase inhibitor, inhibited the Ca2+-dependent ROS-producing activity of AtR-
bohD and AtRbohF in a dose-dependent manner, suggesting that protein phosphorylation is a prerequisite for the
Ca2+-dependent activation of Rboh. Positive feedback regulation of Ca2+ and ROS through AtRbohC has been pro-
posed to play a critical role in root hair tip growth. Our ﬁndings suggest that Rboh phosphorylation is the initial trig-
ger for the plant Ca2+-ROS signalling network.+81 4 7123 9767.
tsu).
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Plants have various scavenging systems for reactive oxygen species
(ROS) such as •O2−, H2O2 and •OH that are produced as by-products of
respiration and photosynthesis. ROS oxidises various biomolecules in-
cluding proteins, lipids, carbohydrates and nucleic acids and therefore,
ROS are very toxic to cells. In contrast, plants enzymatically produce
ROS for use in cell signal transduction [1–4]. Because of the high toxic-
ity of ROS, enzymes producing ROS need to be tightly regulated both
spatially and temporally.
A homologue of the mammalian NADPH oxidase 2/91-kDa glyco-
protein subunit of the phagocyte oxidase (NOX2/gp91phox) named
respiratory burst oxidase homologue (rboh) has been identiﬁed asNADPH oxidases in diverse plant species such as rice, Arabidopsis, to-
mato, tobacco, potato and maize [5–12]. Plant Rbohs are predicted to
contain six conserved transmembrane helices and cytosolic FAD-
and NADPH-binding domains in the C-terminal region homologous
to NOX2. Unlike NOX2, all Rbohs have an extended N-terminal re-
gion that includes two Ca2+-binding EF-hand motifs [13,14]. ROS
produced by Rboh are proposed to play many crucial roles in signal-
ling and development in plants [11,15–19].
Ten rboh genes (AtRbohA-J) have been identiﬁed in the genome
of Arabidopsis thaliana [13]. To date, mutant phenotype analyses
have demonstrated that AtrbohB plays a role in seed after-ripening
[20] and AtrbohC/ROOT HAIR DEFECTIVE 2 (RHD2) is essential for
root hair tip growth [16,21]. Both AtrbohD and AtrbohF function in
the defence responses and signalling of several plant hormones in-
cluding ABA, ethylene and jasmonic acid [15,17,19,22]. Conversely,
the phenotypes of atrbohD and atrbohFmutants exhibit differences
in avirulent bacteria-induced ROS accumulation and ion leakage
[15] and stomatal closure induced by ABA [17] and ethylene [19].
AtRbohD has ROS-producing activity that is synergistically activat-
ed by protein phosphorylation and Ca2+ [23]. To date, neither the
ROS-producing activity nor the regulatory mechanisms controlling
AtRbohF have been studied and the molecular bases for the pheno-
typic differences between atrbohD and atrbohF are unknown.
Fig. 1. Ionomycin induced ROS production in AtrbohF-transfected HEK293T cells.
(A) AtRbohF was detected by Western blotting with anti-FLAG antibodies.
Comparable protein loading was conﬁrmed by comparison with blots reacted with
an antibody for β-actin. (B–D) After baseline measurements of ROS production
for 5 min, 1 μM ionomycin was added. Results are given as means±S.E. (n=3).
(B) Ionomycin-induced ROS production by AtRbohF. (C) Effect of the extracellular
Ca2+ concentration on ionomycin-induced ROS production by AtRbohF. (D) Effect of DPI
on ionomycin-induced ROS production by AtRbohF. Cells were pre-treated with different
concentrations of DPI.
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tion and Ca2+ regarding Rboh activation is completely unknown.
A heterologous expression system using human embryonic
kidney 293T (HEK293T) cells is a useful tool for analysing the
ROS-producing activity of Rboh [23]. The ROS producing activity
of AtRbohC/RHD2 in the heterologous expression system exhibits
a good correlation with its phenotypes in planta. For example, the
E250A mutant of AtRbohC exhibits lower ROS-producing activity
than the wild-type in the heterologous expression system and
in accordance with this result, E250A only partially rescues the
phenotype of the atrbohC/rhd2 mutant [21]. Therefore, the ROS-
producing activity of Rboh observed in the heterologous expres-
sion system partly reﬂects its activity in planta.
ROS produced by NADPH oxidases have been demonstrated to
activate Ca2+ permeable channels in stomatal guard cells [24],
Fucus rhizoid cells [25] and root hair [16]. Takeda et al. proposed
that ROS and Ca2+ constitute a positive feedback loop in root hair tip
growth. ROS produced by AtRbohC/RHD2 activate hyperpolarisation-
activated Ca2+ channels and induce Ca2+ inﬂux. Ca2+ in turn activates
AtRbohC/RHD2 through binding to the EF-hand motifs [21]. ROS pro-
duced by AtRbohD and AtRbohF are involved in ABA-induced Ca2+ in-
ﬂux and activation of Ca2+ permeable ICa channels in guard cells [17],
implying that similar positive feedback regulation may also participate
in ABA signal transduction. Moreover, the molecular mechanism that
triggers this positive feedback loop through Rboh is unknown.
In this study, we revealed that AtRbohF has ROS-producing activ-
ity that is activated by protein phosphorylation and Ca2+ by applying
the heterologous expression system. We also characterised the inter-
relationship between phosphorylation and Ca2+ in the activation of
this activity and demonstrated that protein phosphorylation is a pre-
requisite for the Ca2+-dependent activation of AtRbohD and AtRbohF.
We propose a novel hypothetical model that Rboh phosphorylation is
the initial trigger for the positive feedback regulation of Ca2+ and
ROS.
2. Material and methods
2.1. Plasmid constructs
We ampliﬁed the coding region of AtrbohF (At1g64060) from a cDNA
library derived from seedlings ofA. thaliana accession Col-0 and sub-cloned
the PCR fragment into the pcDNA3.1 (−) vector (Invitrogen) to express
AtRbohF with a 5′ FLAG epitope tag. We also generated mutant proteins
of AtRbohF (D277A-AtRbohF, E288Q-AtRbohF and Q332E-AtRbohF) using
point-mutant primers and the mega-primer PCR method. The primer se-
quences used were as follows: AtrbohF forward, 5′-CGAATTCGCCGCCAC-
CATGGACTACAAAGACGATGACGACAAGATGAAACCGTTCTCAAAGAACG-3′
and reverse, 5′-CGGATCCTTAGAAATGCTCCTTGTGAAATT-3′.
The preparations of the AtrbohD constructs were described previ-
ously [23].
2.2. Cell culture and transfection
HEK293T cells were maintained at 37 °C in 5% CO2 in Dulbecco's
modiﬁed Eagle's medium containing 10% (v/v) foetal bovine serum.
HEK293T cells were transiently transfected with GeneJuice transfec-
tion reagent (Novagen) according to the manufacturer's instructions.
2.3. Measurement of ROS production
ROS production wasmeasured as described previously [23]. ROS
production was detected by a luminol-ampliﬁed chemilumines-
cence technique. Chemiluminescence was measured every minute
for 1 s at 37 °C using a microplate luminometer Centro LB960
(Berthold Technologies). ROS production was expressed in relative
luminescence units (RLU). The maximum value of luminescenceunit (activity) was standardised as 1.0. Data were presented as
the average of three or four samples in a representative experi-
ment. We independently replicated this experiment more than
ﬁve times.
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3.1. AtRbohF possesses Ca2+-dependent ROS-producing NADPH oxidase
activity
HEK293T cells exhibit low endogenous ROS-producing activity be-
cause of the lack of NADPH oxidases such as NOX2/gp91phox and
NOX5 [26,27]. This feature allowed us to monitor exogenous ROS-
producing activity quantitatively at high temporal resolution. As
HEK293T cells lack Ca2+-dependent ROS-producing activity [26],
the heterologous expression system is especially suitable for studying
Ca2+-dependent activation of NADPH oxidases in detail. HEK293T
cells were transfected with a full-length AtrbohF cDNA fused with a
FLAG tag that allowed us to quantify the expression of AtRbohF by
Western blotting (Fig. 1A). Given that AtRbohF possesses two EF-
hand motifs in the N-terminal region [6], we hypothesised that AtR-
bohF activation depends on Ca2+. We added ionomycin, a Ca2+ iono-
phore that induces Ca2+ inﬂux into the cells. Ionomycin transiently
and rapidly induced ROS production in AtrbohF-transfected cells, but
not in empty vector-transfected cells (Fig. 1B).
To test the Ca2+-dependence of ionomycin-induced ROS produc-
tion by AtRbohF, AtrbohF-transfected HEK293T cells were pre-treated
without and with 0.63 or 1.26 mM CaCl2. No ROS production was ob-
served in the absence of extracellular Ca2+, and ROS production in-
creased in proportion to the concentration of extracellular Ca2+
(Fig. 1C). These results indicate that AtRbohF is activated by Ca2+.
To examine whether Ca2+-induced ROS production by AtRbohF is
attributable to the NADPH oxidase activity of AtRbohF, we pre-treatedFig. 2. Effects of mutations in the EF-hand motifs on ionomycin-induced ROS production by
are underlined. The Ca2+-binding sites in the EF-hand motif are shown in boxes. The conse
and twelfth (−Z)=Ca2+ ligand. (B–D) HEK293T cells were transiently transfected with
proteins were detected by Western blotting with anti-FLAG antibodies. Comparable pro
β-actin. (C) Effects of mutations to EF-hand I on ROS production. (D) Effects of mutation to E
tion for 5 min, 1 μM ionomycin was added. Results are given as means±S.E. (n=3).the transfected cells with diphenylene iodonium (DPI), which inhibits
NADPH oxidase activity because of binding to the redox centre of ﬂa-
voproteins. DPI successfully abolished Ca2+-induced ROS production
in a dose-dependent manner (Fig. 1D), indicating that AtRbohF medi-
ated ROS-production is because of its NADPH oxidase activity.
3.2. The ﬁrst EF-hand motif (EF-hand I) is required for the activation of
AtRbohF
Ca2+binds to immobilised forms of two synthetic peptides designed
from the two EF-hand motifs (EF-hand I and EF-hand II) of AtRbohF
(formerly RbohA) [6]. This result implies that the Ca2+-dependent acti-
vation of AtRbohF occurs through Ca2+ binding to both EF-handmotifs.
Two conserved residues at the ﬁrst (X; Asp) and twelfth (−Z; either
Asp or Glu) positions in the Ca2+-binding loop of EF-hand motifs are
known to be critical for Ca2+ chelation [28,29]. The twelfth (−Z) posi-
tion was only conserved in the ﬁrst EF-hand (EF-hand I), but not in the
second (EF-hand II; Fig. 2A). To examine the function of EF-hand I on
Ca2+-induced ROS production by AtRbohF in HEK293T cells, we
expressed AtRbohF mutants (D277A- and E288Q-AtRbohF) in which
the respective amino acids were substituted (Fig. 2B). The substitution
of Asp (D)with Ala (A) at theﬁrst (X) position in an EF-handmotif abol-
ishes Ca2+ afﬁnity [23,29]. Both the D277A and E288Q mutations
completely abolished Ca2+-induced ROS production (Fig. 2C), indicat-
ing that EF-hand I is responsible for the Ca2+-dependent activation of
AtRbohF.
The highly conserved residue at the twelfth (−Z) position (Asp or
Glu) was substituted by Gln in EF-hand II of AtRbohF (Fig. 2A). ThisAtRbohF. (A) Amino acid sequence of the EF-hand regions. Both EF-hand motifs I and II
nsus Ca2+-binding site is shown: ﬁrst (X), third (Y), ﬁfth (Z), seventh (#), ninth (−X),
wild-type AtrbohF, D277A-AtrbohF, E288Q-AtrbohF or Q332E-AtrbohF. (B) Expressed
tein loading was conﬁrmed by comparison with blots reacted with an antibody for
F-hand II on ROS production. (C) and (D) After baseline measurements of ROS produc-
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hand motif [30]. Moreover, the result with E288Q mutation indicates
that Gln at the twelfth (−Z) position is deleterious to EF-hand function
(Fig. 2C). Therefore, we expected that substitution of Q332E would in-
crease the Ca2+ afﬁnity of EF-hand II. Instead, the Q332Emutant exhib-
ited reduced ROS-producing activity (Fig. 2D). This result suggests that
the Ca2+ afﬁnity of EF-hand II is not critical for Ca2+-dependent activa-
tion, and the Gln residue at the twelfth (−Z) position of EF-hand II is
crucial for activation rather than its contribution to Ca2+ afﬁnity.
3.3. Calyculin A, a protein phosphatase inhibitor, induces ROS-producing
activity of AtRbohF
In cultured rice cells, calyculin A (CA), a Ser/Thr protein phosphatase
inhibitor, induces production of ROS including •O2− [31], which is inhib-
ited byDPI [32]. This result suggests that the activation of NADPHoxidase
is not only dependent on Ca2+ but also on protein phosphorylation. CA
enhanced the protein phosphorylation of AtRbohD and induced ROS pro-
duction by AtRbohC and AtRbohD in HEK293T cells [21,23]. AtRbohF is
phosphorylated by a SnRK2 protein kinase in vitro [33]. To test the effect
of CAonROSproduction byAtRbohF,we addedCA toAtrbohF-transfected
or empty vector-transfected HEK293T cells. As expected, CA induced
slow and continuous ROS production in AtrbohF-transfected cells, but
not in the empty vector-transfected cells (Fig. 3A), suggesting that pro-
tein phosphorylation activates AtRbohF.
3.4. Calyculin A-induced ROS production by AtRbohF is independent of
Ca2+
AtRbohF has ROS-producing activity activated by Ca2+ or protein
phosphorylation (Figs. 1B and 3A). To understand the relationship be-
tween these two factors in activating AtRbohF, we examined CA-Fig. 3. Effects of phosphorylation on ROS production by AtRbohF. (A) CA-induced ROS
production by AtRbohF. (B) Effects of extracellular Ca2+ and Ca2+ binding on CA-induced
ROS production by AtRbohF. Measurements were performed in the absence of Ca2+ in the
medium. After baselinemeasurements of ROS production for 5 min, 0.1 μMCAwas added.
Results are given as means±S.E. (n=4).induced ROS production by AtRbohF in the absence of extracellular
Ca2+. We also analysed the E288Q-AtRbohF mutant that was not ac-
tivated by Ca2+ (Fig. 2C). Even in the absence of extracellular Ca2+,
CA induced ROS production by AtRbohF and E288Q-AtRbohF
(Fig. 3B). This ﬁnding is consistent with the result showing that
E277Q-AtRbohD, the corresponding mutant of E288Q-AtRbohF, dis-
played ROS-producing activity induced by CA, but not ionomycin
[23]. These results suggest that protein phosphorylation-induced
ROS production by AtRbohF is independent of Ca2+.
3.5. Ca2+-induced ROS production by AtRbohD and AtRbohF requires
protein phosphorylation
To examine the dependency of Ca2+-induced ROS production by
AtRbohD and AtRbohF on protein phosphorylation, we pre-treated
AtrbohD- and AtrbohF-transfected cells with K-252a, a protein kinase
inhibitor. K-252a inhibited ionomycin-induced ROS production in a
dose-dependent manner (Fig. 4). This result indicates that the Ca2+-
induced activation of both AtRbohD and AtRbohF depends on protein
phosphorylation.
3.6. Calyculin A signiﬁcantly enhances ionomycin-induced ROS produc-
tion by AtRbohD and AtRbohF
To analyse the interrelationship between Ca2+ and protein phos-
phorylation regarding AtRbohD and AtRbohF activation, we applied
both CA and ionomycin to AtrbohD- and AtrbohF-transfected
HEK293T cells. When we added CA ﬁrst and subsequently addedFig. 4. Protein phosphorylation is a prerequisite for ionomycin-induced ROS production
by AtRbohD and AtRbohF. HEK293T cells were transiently transfected with AtrbohD (A)
or AtrbohF (B). (A) and (B) Effect of K-252a, a protein kinase inhibitor, on ionomycin-
induced ROS production. Cells were pre-treated with different concentrations of K-
252a. After baseline measurements of ROS production for 5 min, 1 μM ionomycin was
added. Results are given as means±S.E. (n=4).
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activity (closed triangle) was signiﬁcantly enhanced in comparison
with cells treated with either CA (closed circle) or ionomycin (open
square) individually (Fig. 5A). This result indicates that AtRbohF is
synergistically activated by protein phosphorylation and Ca2+ in a
manner similar to AtRbohD (Fig. 5B) [23]. Oppositely, when ionomy-
cin was added prior to CA, the ROS-producing activity (closed trian-
gle) was not synergistically enhanced in comparison with that in
cells treated with either CA (closed circle) or ionomycin (open
square) individually (Fig. 5C), in a manner similar to AtRbohD
(Fig. 5D). These results indicate that the order of treatment with CA
and ionomycin is critical for the synergistic activation of AtRbohD
and AtRbohF.3.7. ROS-producing activity of AtRbohD is signiﬁcantly higher than that
of AtRbohF
Both AtRbohD and AtRbohF have ROS-producing activity activat-
ed by Ca2+ or protein phosphorylation and Ca2+ and protein phos-
phorylation synergistically activate both AtRbohD and AtRbohF
(Figs. 1B, 3A and 5A, B) [23]. We quantitatively compared their
ROS-producing activity. AtrbohD- and AtrbohF-transfected cells
were treated with ionomycin, CA or both. When we quantiﬁed
their ROS-producing activity, the ROS-producing activity of AtRbohD
was greater than that of AtRbohF in all treatments, whereas equal
amounts of the proteins were detected (Fig. 6). These results indicate
that the ROS-producing activity of AtRbohD was signiﬁcantly higher
than that of AtRbohF.Fig. 5. CA enhanced the ionomycin-induced ROS production, but ionomycin did not enhanc
siently transfected with AtrbohF (A, C) or AtrbohD (B, D). (A) and (B) After baseline measure
ionomycin was added to the cells or the cells were not treated. (C) and (D) After baseline me
either 0.1 μM CA was added to the cells or the cells were not treated. (A to D) Results are giv
pared, and the relative luminescence levels during ROS production induced by a single ion4. Discussion
4.1. Similarities and differences between AtRbohD and AtRbohF
We have demonstrated that AtRbohF-dependent ROS production
is transiently activated by Ca2+, continuously activated by protein
phosphorylation and synergistically activated by both. The synergistic
activation of ROS production by Ca2+ and phosphorylation has been
observed in other isozymes such as AtRbohC and AtRbohD [21,23].
Because all Rbohs have similar domain structures, their activation
mechanisms may be similar. However, the amino acid sequence in
the N-terminal cytosolic region exhibits diversity among AtRbohs.
Therefore, further comprehensive analysis should be an important fu-
ture project.
Despite the similar activationmechanisms for AtRbohD and AtRbohF,
atrbohD and atrbohFmutants often exhibit different phenotypes. Aviru-
lent bacteria-induced ROS accumulate in AtrbohF wild-type and atrbohF
mutant plants,whereas this ROS accumulation is reduced in atrbohDmu-
tants [15]. We demonstrated that CA- or ionomycin-induced ROS pro-
duction by AtRbohD was signiﬁcantly higher than that by AtRbohF
(Fig. 6). AtRbohD is likely to be responsible for the majority of ROS pro-
duction in defence responses.
By contrast, atrbohF mutants exhibit a greater diminution of avir-
ulent bacteria-induced ion leakage than atrbohD mutants, suggesting
a key role of AtRbohF in hypersensitive cell death [15]. ABA-induced
stomatal closure is impaired in atrbohF mutants but not in atrbohD
mutants [17]. Ethylene induces ROS production and stomatal closure
in the guard cells of atrbohDmutants but not in atrbohFmutants [19].
The ROS-producing activity of AtRbohF characterised in this studye the CA-induced ROS production by AtRbohD and AtRbohF. HEK293T cells were tran-
ments of ROS production for 5 min, 0.1 μM CA was added, and 10 min later, either 1 μM
asurements of ROS production for 5 min, 1 μM ionomycin was added, and 10 min later,
en as means±S.E. (n=4). The peak intensity of luminol chemiluminescence was com-
omycin treatment were standardised as 1.0 RLU.
Fig. 6. ROS-producing activity of AtRbohDwas higher than that of AtRbohF. HEK293T cells
were transiently transfected with AtrbohD or AtrbohF. (A) Expressed proteins were
detected by Western blotting with anti-FLAG antibodies. Comparable protein loading
was conﬁrmed by comparisonwith blots reactedwith an antibody for β-actin. Themolec-
ular masses of AtRbohD and AtRbohF are 105 and 108 kDa, respectively. (B) Ionomycin-
induced ROS production. (C) CA-induced ROS production. (B and C) After baseline mea-
surements of ROS production for 5 min, 1 μM ionomycin or 0.1 μM CAwas added. Results
are given as means±S.E. (n=4). (D) After baseline measurements of ROS production for
5 min, 0.1 μM CA was added to the cells, and 10 min later, 1 μM ionomycin was added.
Results are given as means±S.E. (n=4). (B to D) The peak intensity of luminol chemilu-
minescence was compared, and the relative luminescence levels from ROS production by
AtrbohD-transfected cells were standardised as 1.0 RLU.
Fig. 7. A hypothetical model that Rboh phosphorylation is the initial trigger for positive
feedback regulation by Ca2+ and ROS. Activation of Rboh by protein phosphorylation is
the initial trigger for the signalling network involving Ca2+ and ROS. Activated Rboh
produces ROS that activate a Ca2+ channel to induce Ca2+ inﬂux. Ca2+ binds to the
EF-hand motifs of Rboh, leading to the activation of Rboh-mediated ROS production.
Additionally, Ca2+-activated CDPKs may enhance ROS production by Rboh.
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to cell death, ABA and ethylene signalling. The expression patterns
of AtrbohD and AtrbohF overlap throughout the entire plant, and
both genes are up-regulated by ABA in guard cells [14,17]. The signif-
icant difference in the ROS-producing activity of AtRbohD and AtR-
bohF may reﬂect functional diversity, at least in part.4.2. Molecular mechanisms for the inhibition of ionomycin-induced ROS
production
After activation by ionomycin, AtRbohD and AtRbohF were rapidly
inactivated, as previously reported for AtRbohD alone (Fig. 1) [23].
We monitored the sub-cellular Ca2+ dynamics after the addition of
ionomycin to HEK293T cells using Yellow Cameleon 3.60 and Fluo-4
NW as Ca2+ indicators. Ionomycin rapidly increased the cytosolic
Ca2+ concentration ([Ca2+]cyt), which was sustained at a high level
for at least 5 min (Supplementary Fig. 1). These results indicate that
even if there is a sufﬁcient amount of free Ca2+ inside the cells, AtR-
bohD and AtRbohF cannot be continuously activated. This ﬁnding
suggests the presence of an inhibitory mechanism that suppresses
the ROS-producing activities of both AtRbohD and AtRbohF immedi-
ately after their activation. We speculate that this inhibitory mecha-
nism is physiologically signiﬁcant because of the high toxicity of ROS.
ROS can oxidise any protein in principle. AtRbohD and AtRbohF
could possibly be inactivated by the ROS they produce. However,
CA-induced ROS production was still observed after transient activa-
tion by ionomycin (Fig. 5C, D). Thus, the self-inactivation of these en-
zymes by ROS appears unlikely.
A conformational change in the EF-hand region induced by Ca2+
binding is required for the activation of AtRbohD [23]. We speculate
that on sustained increases in the [Ca2+]cyt, the conformational change
of the EF-hand region within Rboh is maintained, leading to down-
regulation of the enzyme activity. After Ca2+-induced activation, a
404 S. Kimura et al. / Biochimica et Biophysica Acta 1823 (2012) 398–405decrease in the [Ca2+]cyt accompanying Ca2+ dissociation from the EF-
hand region may be indispensable for up-regulating the activity of the
enzyme. Rboh-mediated ROS production correlates with Ca2+ oscilla-
tion. AtrbohC is required for oscillatory changes in ROS production dur-
ing root hair tip growth [34]. Ionomycin induces a sustained increase in
[Ca2+]cyt in HEK293T cells; therefore, ionomycin-induced activation is
transient.
Conversely, CA induced the slow and continuous activation of
Rboh. Protein phosphorylation-induced activation may not accompa-
ny similar conformational changes as those induced by Ca2+; hence,
CA-induced Rboh activation is not transient but continuous.
4.3. Protein phosphorylation is prerequisite for the Ca2+-dependent acti-
vation of Rboh
CA, a Ser/Thr protein phosphatase inhibitor, enhances the protein
phosphorylation and activates the ROS-producing activity of AtRbohD
in HEK293T cells [23]. We demonstrated that CA activated the ROS-
producing activity of AtRbohF in HEK293T cells (Fig. 3A). By contrast,
K-252a, a protein kinase inhibitor, inhibits NADPH oxidase-mediated
ROS production in tobacco BY-2 cells [35]. The ABA-activated SnRK2
protein kinase open stomata 1 (OST1/SRK2E/SnRK2.6) acts upstream
of ROS in guard cell ABA signalling. OST1 interacts with and phosphory-
lates AtRbohF [33].We revealed that K-252a inhibited the Ca2+-induced
ROS-producing activity of both AtRbohF and AtRbohD (Fig. 4). These
results suggest that Ca2+-induced ROS production depends on the pro-
tein phosphorylation of both AtRbohD and AtRbohF. Protein phosphor-
ylation of human NOX5 facilitates enzyme activation at lower [Ca2+]cyt
[36]. The protein phosphorylation of AtRbohD and AtRbohF may con-
tribute to the Ca2+ afﬁnity of EF-hand motifs to Ca2+, leading to the
synergistic activation by protein phosphorylation and Ca2+.
Activation by CA suggests that some Ser/Thr protein kinase(s)
phosphorylate AtRbohD or AtRbohF in HEK293T cells. Protein kinase
C (PKC) may be a candidate because the ROS-producing activity of
human NOX5 is activated by phorbol 12-myristate 13-acetate, a po-
tent activator of PKC [36].
4.4. Rboh phosphorylation may function as the initial trigger for the pos-
itive feedback regulation of Ca2+ and ROS through Rboh
Positive feedback regulation of ROS andCa2+hasbeenproposed toplay
a crucial role in maintaining growth at the root hair tip; AtRbohC/RHD2
produces ROS, which in turn activate Ca2+ channels on the plasma mem-
brane to induce Ca2+ inﬂux into the cell. Ca2+ directly binds the EF-hand
motif of AtRbohC/RHD2 to activate ROS production [21]. However, the
identity of the trigger for this positive feedback regulation is unknown. It
also remains to be determined whether other Rbohs such as AtRbohD
and AtRbohF are involved in the positive feedback regulation of Ca2+ and
ROS. The atrbohD/atrbohF double mutant is defective in ABA-induced ROS
production, activation of Ca2+ permeable channels and Ca2+ inﬂux into
guard cells [17], implying that a positive feedback regulation involving AtR-
bohD and AtRbohF also plays a role in ABA signalling.
We demonstrated that protein phosphorylation is a prerequisite
for Ca2+-induced ROS production by AtRbohD and AtRbohF (Fig. 4).
Conversely, protein phosphorylation-induced ROS production is inde-
pendent of Ca2+ (Fig. 3B). Taken together, these results allow us to
propose a model (Fig. 7) of how Rboh phosphorylation may function
as the initial trigger for the positive feedback regulation as well as the
Ca2+-ROS signalling network in plants. First, Rboh phosphorylation
results in the production of ROS, which activate Ca2+ channels to in-
duce Ca2+ inﬂux. Subsequently, Ca2+ further activates Rboh.
Potato (Solanum tuberosum) StRboh is activated by a Ca2+-dependent
protein kinase (CDPK) [37]. Arabidopsis CDPKs, namely CPK3, CPK4, CPK6,
CPK10 and CPK11, are involved in ABA signalling [38–40]. CDPKs may
function as enhancers of Ca2+-ROS signals through synergistic activation
(Fig. 7).Acknowledgements
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